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ABSTRACT 

We report on Suzaku observations of selected regions within the Southern giant lobe of the radio galaxy 
Centaurus A. In our analysis we focus on distinct X-ray features detected with the X-ray Imaging Spectrometer 
within the range 0.5 — lOkeV, some of which are likely associated with fine structure of the lobe revealed by 
recent high-quality radio intensity and polarization maps. With the available photon statistics, we find that the 
spectral properties of the detected X-ray features are equally consistent with thermal emission from hot gas 
with temperatures kT > 1 keV, or with a power-law radiation continuum characterized by photon indices T ~ 
2.0 ± 0.5. However, the plasma parameters implied by these different models favor a synchrotron origin for the 
analyzed X-ray spots, indicating that a very efficient acceleration of electrons up to > 10 TeV energies is taking 
place within the giant structure of Centaurus A, albeit only in isolated and compact regions associated with 
extended and highly polarized radio filaments. We also present a detailed analysis of the diffuse X-ray emission 
filling the whole field-of-view of the instrument, resulting in a tentative detection of a soft excess component 
best fitted by a thermal model with a temperature of kT ~ 0.5keV. The exact origin of the observed excess 
remains uncertain, although energetic considerations point to thermal gas filling the bulk of the volume of the 
lobe and mixed with the non-thermal plasma, rather than to the alternative scenario involving a condensation of 
the hot intergalactic medium around the edges of the expanding radio structure. If correct, this would be the first 
detection of the thermal content of the extended lobes of a radio galaxy in X-rays. The corresponding number 
density of the thermal gas in such a case is n g ~ 10 -4 cm -3 , while its pressure appears to be in almost exact 
equipartition with the volume-averaged non-thermal pressure provided by the radio-emitting electrons and the 
lobes' magnetic field. A prominent large-scale fluctuation of the Galactic foreground emission, resulting in 
excess foreground X-ray emission aligned with the lobe, cannot be ruled out. Although tentative, our findings 
potentially imply that the structure of the extended lobes in active galaxies is likely to be highly inhomogeneous 
and non-uniform, with magnetic reconnection and turbulent acceleration processes continuously converting 
magnetic energy to internal energy of the plasma particles, leading to possibly significant spatial and temporal 
variations in the plasma j3 parameter around the volume-averaged equilibrium condition ft ~ 1. 
Subject headings: magnetic fields — galaxies: active — galaxies: individual (Centaurus A) — intergalactic 
medium — galaxies: jets — X-rays: galaxies 



1. INTRODUCTION 

The radio source Centaurus A is hosted by a massive ellip- 
tical galaxy NGC 5128, locate d at a distance of D — 3.7 Mpc 
(for a review see |Israel| T998 ). As such, it is the closest ac- 
tive galaxy, and its innermost structure, down to hundreds of 
Schwarz schild radii of th e central black hole (mass Mbh — 
lQ 8 M ; |Neumayer|2OlO| , can be studied in great detail with 
modern high-resolution and high-sensitivity instruments. Yet 
Centaurus A is at the same time surrounded by a giant radio 
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halo, or rather giant lobes, extending for about ~ 600 kpc in 
the North-South direction and ~ 200 kpc wide. This fos- 



sil structure, although it has been known for a while ( Cooper 



et al. || 1965) , is still relatively poorly studied, because of its 
huge angular size (~ 5 deg x 9 deg), which in the past has 
precluded detailed observational studies. This situation has 
changed only very recently, and the giant lobes of the Cen- 
taurus A system can now be investigated with the improved 
angular resolution available at radio and 7-ray frequencies. 

Since its discovery, the giant halo of Centaurus A (total ra- 
dio luminosity ~ 10 41 ergs _1 ) has been observed mul- 
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tiple times with low-resolution single-dish and space-borne 
radio telescopes. Detailed analysis indicated that the radio 
spectrum of the Southern lobe steepens systematically both 
with frequency and with distance from the core, in agreement 
with the expectation for an aging relic (~ 30Myr-old) sys- 
tem with the volume-averaged equipartition magnetic field 
B cq ~ 1.3 /iG. Meanwhile, the radio spectrum of the North- 
ern lobe was found to be roughly position-independent, incon- 
sistent with the scenario of passive aging, but suggesting in- 
stead an ongoing or at least recent injection of r adiating elec- 



generation 7-ray satellite Ferm;-LAT resolved the giant lobes 



trons th roughout the entire volume of the lobe ( |Hardcastle et 
|al.|2009| l. The most recent high-resolution radio observations 
of the giant structure at 1 .4 GHz with ATCA and Parkes 64m 
telescopes revealed a very inhomogene ous and filamentary 
structure of the lobes ( Feain et al.|201 1 1. The 50"-resolution 
map derived from this study — "the most detailed radio con- 
tinuum image of any radio galaxy to date" - showed that the 
Northern lobe constitutes an extension of the inner structure 
(down to the radio core), for which the outer part could be re- 
solved into a series of semi-regularly spaced (~ 25 kpc) and 
concentric shells or filaments with a projected thickness of 
3 — 6 kpc, particularly prominent in the high-resolution ra- 
dio polarized intensity maps. By contrast, the Southern lobe, 
which appears to be physically unconnected to the core, dis- 
played a largely chaotic and mottled morphology. 

The magnetic field structure and thermal matter content 
of the giant lobes in Centaurus A were also probed recently 
at radio frequencies by an analysis of the Faraday Rotation 
Measure (RM) using the en semble of polarized background 
sources ( |Feain et al ||2009) . The RM analysis showed that 
the polarized emission in the Northern lobe follows closely 
the continuum emission down to the sensitivity limits of the 
survey, with little evidence for depolarization, whereas the 
emission in the Southern lobe is depolarized and chaotic with 
large jumps in the polarization angle. The apparent lack of 
internal depolarization effects for most of the giant struc- 
ture enabled a meaningful limit to be placed on the volume- 
averaged density of the thermal plasma within the lobes n g < 
0.5 x 10 _4 (B/i3 C q) _1 cm~ 3 . This limit is not inconsistent 
with the analysis of the improved RM data presented in the 
most recent paper O'Sullivan et al. (2012), resulting in a pos- 
itive detection of the internal depolarization signal, with the 
corresponding gas density being n g ~ 10~ 4 cm~ 3 . The re- 
vealed non-uniform distribution of the RM excess through- 
out the entire volume of the source should however be kept in 
mind, as it reflects a highly inhomogeneous distribution of the 
thermal gas mixed with the lobes, and/or a complex topology 
of the lobes' magnetic field. 

Centaurus A is a source of 7-ray emission within the broad 
energy range from > 50keV up to < lOTeV, as established 
by the pione ering observations w ith Compton Gamma-Ray 
Observatory (Steinle et al.| 



Telescope (Aharonian et al. 



1998) and H.E.S.S. Cherenkov 
2009). It was widely believed, 



however, that it is the active core (nucleus and nuclear jet) 
which dominates the production of 7-rays in the system, es- 
pecially because this core appears as a very prominent X- 
ray emitter with a complex, multi-component spectrum (see, 
e.g.,[Fukazawa et al.|20lT| and references therein). And, in- 
deed, even the most recent analysis of the INTEGRAL/SPI 
data resulted in only upper limits for the soft 7-ray emis- 
sion of the giant lo bes (0.04 — lMeV phot on flux < 1.1 x 



of Centaurus A (Abdo et al. 2010), revealing that they con- 
tribute about half of the total flux of the whole system at 
MeV/GeV photon energies (the 0.1 - 100 GeV lobes' lumi- 
nosity is L~ ~ 10 41 ergs~ 1 ). This important result proved 
that 7-rays are being efficiently generated within the extended 
halo, despite the advanced age and relaxed nature of the 
structure^ The detected emission, well modeled as inverse- 
Compton up-scattering of cosmic background photons by ul- 
trarelativistic electrons, moreover implies that the giant lobes 
in Centaurus A are close to the condition of energy/pressure 
equipartition between the radiating particles and the magnetic 
field (volume-averaged field strength B ~ 0.9 /iG < B cq ). 

Despite these new data, our understanding of the giant 
lobes in Centaurus A is still incomplete. Particularly missing 
in this context is X-ray information, even though the large- 
scale structure of Centaurus A has been the subject of low- 
resolution, low-sensitivity observations with several previous 
X-ray satellites. The first meaningful upper limits for the X- 
ray emission of the giant lobes in the syste m were provided by 
the SAS 3 instrument ( |Marshall & Clark|198"T) , which probed 
the 2 — lOkeV continuum of the target down to a flux level 
of 3 x 10~ n ergcm~ 2 s _1 (90% limit). Subsequent obser- 
vations with ROSAT suggested the presenc e of a giant X-ray 
structure around the radio halo ( |Arp|1994| , which was, how- 
ever, not confirmed by later analysis. Finally, ASCA obser- 
vations of the outer part of the Northern lobe revealed the 
presence of a compact X-ray feature with the 2 — lOkeV flux 
~ 10~ 12 erg cm~ 2 s _1 , which was modeled as a power-law 
continuum or equivalentl y by thermal emis sion from a very 



hot gas (kT ~ lOkeV; Isobe et al. 2001} . In addition, a 



soft diffuse emission component with a total 0.5 — 2 keV flux 
~ 8.5 x 10~ 14 ergcm~ 2 s~V0.55 deg 2 , distributed within the 
whole field-of-view of the GIS detector, best fitted by a ther- 
mal model with kT ~ 0.6keV, was tentatively found. Our 
preliminary analysis of the archival ASCA data confirmed the 
presence of the hard X-ray spot, consisting of several intensity 
peaks aligned roughly with a highly polarized radio filament. 
However, some of the X-ray emission peaks coincide with 
the positions of optical background radio sources, and as such 
may be unrelated to the giant lobes. A more detailed discus- 
sion on the archival ASCA data, together with the analysis of 
the forthcoming follow-up Suzaku and Chandra observations 
will be published in a later paper. 

To close the gap between the X-ray studies of the gi- 
ant halo in Centaurus A and the most recent observations at 
other wavelengths, in previous years we have requested the 
very first Suzaku observations of the Southern lobe (AO-5, 
#51401). The low and relatively constant instrumental back- 
ground of Suzaku is ideally suited for observations of low- 
surface brightness diffuse sources such as giant lobes of Cen- 
taurus A. In addition, the spatial resolution of the Suzaku 's 
XIS (~ 2') is well matched to the recently obtained high- 
resolution (50") radio maps of the giant lobes, while the FOV 
of the instrument (~ 1/3 deg x 1/3 deg) is large enough to 
encapsulate within a single Suzaku pointing the large-scale 
structures (shells/filaments) revealed by the radio polarization 
maps; Suzaku is therefore an ideal instrument for this work. 
However, because of the large extension of the giant lobes on 
the sky, only a small part of their structure could be covered 



10 d phcm s ; Beckmann et al. 2011 1. On the other 



hand, during the first 10 months of its operation, the new 



1 See also in this context [Takeuchi et al. 1 12012} and |Katsuta et al.H2012l 
for the cases of two other radio galaxies with the extended lobes possibly 
resolved or at least detected by Feroii'-LAT. 
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in the two 80-ks exposures that were performed. In this paper 
we report on the analysis of these Suzaku data, focusing firstly 
on distinct X-ray features detected within the field-of-view 
(FOV) of the X-ray Imaging Spectrometer (XIS) centered on 
the radio-bright part of the Southern lobe, and secondly on 
the diffuse emission filling the whole FOV of the instrument 
and apparently related to the Centaurus A halo. Our results 
are presented in detail in f|2]and discussed further in Sj3]below. 

2. SUZAKU DATA 

2.1. Observations and Data Processing 

Two regions within the Southern lobe of Centaurus A were 
observed with the Suzaku satellite (Mit suda et al.|2007] > from 
2010 August 10 to 2010 August 12, as indicated in Figure[T] 
showing the 1.4 GHz total intensity ma p of the whole giant 
Centaurus A structure ( |Feain et al.|2011] l with the two Suzaku 
pointings marked as blue squares. The observation log, with 
details such as the nominal pointing positions and observation 
times, is summarized in the first two rows of Table[T]("Lobe 1" 
and "Lobe 2" exposures). In this paper, we restri ct the anal- 
ysis to th e data taken with the XIS instrument (Koyama et 
al. 2007 |l, which consists of four CCD sensors each placed 



on the focal plane of the X-ray Telescope (XRT; Serlemit- 



sos et aLj|2007| l, and focus first (§ |2.2 -2.3 1 on faint X-ray 
features likely associated, as argued below, with fine struc- 
ture o f the lobe revealed by the m ost r ecent high-quality radio 
maps (Feai n et al.|201 l| l. Next (§ 2.4 1 we present the analysis 
of the diffuse emission component filling the whole FOV of 
the instrument; for this analysis we estimate the background 
from two shorter "off" Suzaku exposures, targeting the blank 
sky outside of (but close to) the Centaurus A Southern lobe, 
as summarized in the last two rows of Table[T]("Lobe 3" and 
"Lobe 4"; see also Figure[7] below). At the time of the per- 
formed observations the two front-illuminated CCDs (XIS0 
and XIS3) and one back-illuminated CCD (XIS1) were work- 
ing well, so the data discussed below for all the pointings were 
performed with all the XIS sensors set to full-window and nor- 
mal clocking modes. 

In the following we describe the screening criteria for XIS 
data. Events with GRADE 0, 2, 3, 4 and 6 were utilized in the 
data reduction procedure, and flickering pixels were removed 
by using cleans is. We selected good-time intervals by the 
same criteria as described in the The Suzaku Data Reduction 
Guid^\ SAA_HXD==0 && T_SAA_HXD>436 && ELV>5 
&& DYE_ELV>2 && ANG_DIST<1.5 && S0_DTRATE<3 
&& AOCU_HK_CNT3_NML_P==l. In the analysis we used 
the HEADAS software version 6.11 and calibration database 
(CALDB) released on 2012 February 11. The net exposures 
were 75.2 ks and 81.4ks for the "on" pointings Lobe 1 and 
Lobe 2, respectively, and about 20 ks for the "off" pointings 
Lobe 3 and Lobe 4. 

2.2. Compact X-ray Features 

Figure[2]presents the Suzaku image of the targeted "on" re- 
gions within the Centaurus A Southern lobe, corresponding to 
the photon energy range 0.5 — lOkeV, with cataloged back- 
ground or foreground sources listed in the SIMBAD database 
marked by green crosses. The figure corresponds to the com- 
bined XIS0 and XIS3 images after the subtraction of the 
"Non X-ray Background" (NXB) and the vignetting correc- 
tion (based on a flat image produced using xissim; Ishisaki 
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Fig. 1. — 1.4GHz tota l intensity map of the giant Centaurus A struc- 
ture JFeain et al.|201 \\ with the two Suzaku "on" pointings marked 
as blue squares (see Table[TJ. 



• http : / /heasarc . nasa . gov/ docs/ suzaku/analysis/abc 



et al. 2007). The maps were binned by a factor of eight in 
each \x, y) direction and smoothed with a Gaussian kernel of 
four pixels. The NXB images were obtained from the night 
Earth data using xisnx bgen and corre cted for the exposure 
using xisexpmapgen ( |Tawa et al.|2008[ ). 

As shown in the images, several bright X-ray spots 
are present within the FOV of the XIS instrument. 
The positions of three prominent spots closely match 
the positions of point-like optical objects identified as 
stars: HD 116386 at (R.A.=20P.015, Dec.= -45°.2373), 
HD 116335 at (200° .9349, -45°. 1980), and HD 116099 at 
(200°.5186, -45°.0564) together with nearby TYC8248- 
981-1 at (200°.5203, -45°.0441); these three X-ray fea- 
tures are therefore considered here as most likely unre- 
lated to the lobe. We note that X-ray counterparts for 
HD 116386 and HD 116099 are listed in the ROSAT All- 
Sky Survey (RASS) catalog as 1RXS J132403. 1-451358 and 
1RXS J132204.7-450312, respectively; these, in fact, are the 
only cataloged X-ray sources within the area covered by the 
two analyzed Suzaku pointings. The other X-ray features 
detected with Suzaku at high significance level are missing 
any obvious Galactic or extragalactic identifications (NED or 
SIMBAD databases), and as such are considered below as 
'possibly related to the lobe'; these are marked in Figure|2] 
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TABLE 1 

Suzaku Observations of Centaurus A in 2010 



Target 



Obs. ID 



(R.A., Dec.) 



Start time (UT) End time (UT) Net Exposure* 



Lobe 1 ("on") 
Lobe 2 ("on") 

Lobe 3 ("off") 
Lobe 4 ("off") 



705032010 
705033010 



705034010 
705035010 



(200°. 867, 
(200°. 394, 

(205°. 750, 
(196° .750, 



-45°. 151) 
-45°. 136) 



-45° 
-45° 



132) 
136) 



Aug 10 15:52:16 
Aug 11 18:38:19 

Aug 12 23:12:20 
Aug 13 08:21:01 



Aug 11 18:37:10 
Aug 12 23:08:19 

Aug 13 08:17:12 
Aug 13 16:10:12 



75.2 
81.4 

20.1 
20.7 



t After the event screenings, in ksec. 

with white circles and denoted as "src 1-8". It should be noted 
that spurious X-ray features due to instrumental artifacts are 
present in the left-hand bottom corners of the two FOVs, and 
these are caused by the degradation of the CCD sensor XIS0 
by the anomalous charge leakag^] 

For the spectral analysis of the eight X-ray features classi- 
fied as 'possibly related to the lobe' we extracted the source 
fluxes from circular regions with radii 1.5' (well-matched to 
the PSF of the XIS instrument) centered on each spot (see 
Figure|2]i, and the background fluxes from larger ellipsoidal 
regions "BGD/Lobe 1" and "BGD/Lobe2" chosen in the cor- 
responding FOVs to avoid any compact feature. The photon 
statistics for the analyzed regions are given in Table[2] Only 
src 3 and 5-8 are detected at a significance level above 5a. 

With the given photon statistics it is impossible to state if 
the 'possibly related' spots are point-like for the XIS detector, 
or if they are (marginally) extended. It is also not possible 
at this point to state with high certainty if the detected X-ray 
features with no obvious counterparts at optical wavelengths 
are indeed physically associated with the giant Centaurus A 
structure. A comp ariso n of the radio and X-ray morpholo- 
gies presented in § 2.3 below indicates that this may indeed 
be the c ase, at least for some of them (see also the discus- 
sion in § 3.2 1. And similarly, one cannot exclude the possibil- 
ity of a chance coincidence between an X-ray spot associated 
with the giant lobe and a background/foreground optical ob- 
ject. Because the exact positions of the detected X-ray fea- 
tures cannot be measured given the angular resolution of the 
XIS instrument and the photon statistics that we obtain, no 
meaningful quantification of a chance probability for spurious 
association with background/foreground object can be made. 
Here we consider an association with such an object unlikely 
if all cataloged sources are located more than 1.5' away from 
the centers of the circular regions used for the source flux ex- 
traction (see Table|2]l. For the selected features 1-8 analyzed 
further below, this criterion is marginally violated only in the 
case of src 1, with the galaxy 2MASX J 1 3234402— 45054 10 
falling formally within the selecte d Suz aku source region. The 
analysis presented in the section § 2.3 confirms, however, that 



the three prominent X-ray spots coinciding with bright optical 
stars, and as such classified as unrelated to the lobe, are spec- 
trally distinct when compared with the other detected features. 
These other features are therefore not likely to be foreground 
stars, and instead we have to consider the possibility that they 
are associated with uncataloged background AGN. 

3 See the related discussion in the Suzaku 2010-01 memo at 

http : / / www . astro. isas. jaxa . jp/ suzaku/ doc/suzakumemo/ 



In order to evaluate the expected number of background 
AGN within the FOVs of the two Suzaku "on" pointings, we 
note that th e log N — log S dis tribution of such objects, con- 
structed by Tozzi et ah] (2001 ) based on the Chandra Deep 
Field-South observations and ROSAT observations of the 
Lockman Hole, gives the number of sources with 0.5 — 2keV 
fluxes > 5 x 10~ 14 erg cm~ 2 s _1 between 20/deg 2 and 3/deg 2 
(including the lcr uncertainties due to the sum of the Pois- 
son noise). This implies a maximum of four background 
AGN within the two effective FOVs of the XIS instrument 
(2 x 0.09/deg 2 ) at the accessible flux level, a factor of at least 
two below the detected number of the X-ray spots with no cat- 
aloged optical counterp arts. The number o f background X- 
ray sources evaluated by Toz zi et aT| ( 2001| l in the hard band, 



i.e. sources with 2— lOkeV fluxes > 5 x 10 -14 erg cm~ 2 s 
is on the other hand higher, namely ~ 40/deg 2 (as confirmed 
by other, more recent estimates, in agreeme nt with the results 
of AGN population synthesis models; e.g., Ueda et al.|2003 



Gandhi & Fabian 2003 1 Georgaka kis" et al.|2008| |Lehmer et 



|al.||2012p , meaning that we would expect about seven AGN 
within the area of the giant lobe covered by the Suzaku obser- 
vations. This number is close to the number of our detected X- 
ray spots with no obvious optical identification. Yet unidenti- 
fied background AGN are typically characterized by very flat 
spectra around keV photon energies (the average photon in- 
dex r = 1.4; |Tozzi et al.|200l) , while src 1-8 discussed here 
display o n ave rage much steeper X-ray continua (as we will 
show in § |2.3| below). These spots therefore do not have the 
appearance of regular type 2 AGN lacking optical identifica- 
tion due to a substantial intrinsic obscuration, with the possi- 
ble exception of src 3. Moreover, we note that the two shorter 
"off" pointings with Suzaku reveal no bright X-ray features 
at the flux level of src 1-8 discussed here (which all lie well 
above the nominal limiting flux for the 20 ks exposure time of 
the 'off pointings), except for objects with cataloged Galactic 
or extragalactic counterparts. 

Hence, we conclude that while the contamination of the an- 
alyzed Suzaku pointings with unidentified background AGN 
is an issue, there seems to be a slight overabundance of rel- 
atively bright and steep-spectrum X-ray sources in the "on" 
pointings when compared both with the "off" pointings and 
also with the expected log N — log S distribution of back- 
ground AGN. 

In order to elaborate more on the possible association of the 
detected X-ray spots with background AGN, we have investi- 
gated the available mid-infrared (MIR) maps of the area cov- 
ered by the Suzaku exposures provided by the N ASA Wide- 
field Infrared Survey Explorer satellite {WISE; Wright et al. 
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Fig. 2. — Suzaku XISO+3 image (after vignetting correction and subtraction of the NXB) of the targeted regions within the Centaurus A 
Southern lobe corresponding to the photon energy range 0.5 — 10 keV. Green crosses mark the positions of the foreground/background sources 
from the SIMBAD database. White circles mark the flux extraction regions for the X-ray features which we consider as 'possibly related to the 
lobe'. Spurious X-ray features are present in the bottom-left corners of the two FOVs, resulting from instrumental artifacts. 



TABLE 2 

Photon Statistics for the Analyzed X-ray Spots 



Region 


(R.A., 


Dec.)* 


Total cnt. 


Net cnt./ 










stat. err. * 


BGD/L1 






1993/788** 




src 1 


(200° .949, 


-45°. 097) 


841 


53/40 


src 2 


(200°. 822, 


-45°. 116) 


890 


102/41 


src 3 


(200° .708, 


-45°. 177) 


1627 


839/49 


src 4 


(200°. 851, 


-45°. 270) 


402* 


4/28* 


BGD/L2 






2370/781** 




src 5 


(200°. 377, 


-45°. 036) 


1081 


300/43 


src 6 


(200° .439, 


-45°. 113) 


1177 


396/44 


src 7 


(200°. 366, 


-45°. 198) 


1233 


452/45 


src 8 


(200° .300, 


-45°. 170) 


1468 


687/47 



* Center positions for the circular regions (radii 1.5') used for the source flux 
extraction. 

* Statistical errors calculated assuming Poisson distribution as a square root 
of a sum of the source and background XIS0+3 counts, except for src 4 (*) 
where only the XIS3 counts were considered (as the feature is located near 
the dead columns in XIS0). 

** Counts normalized to the effective area of the circular source regions. 



Wl, W2, W3 and W4, centered on wavelengths around 3.4, 
4.6, 12 and 22/itri, respectively. The point-spread function 
of the telescope corresponds to a Gaussian of about 6, 6, 6 
and 12" in W1-W4 respectively, sampled at 2.8, 2.8, 2.8 and 
5.6"/pix. With nominal 5a point source sensitivies of ^0.08, 
0.1, 1 and 6mJy in the four bands, this survey is orders of 
magni tude more sensitive than previous infrared all sky sur- 
veys (|Soifer et al.|1987[|Ishihara et al.|2010[|Wmamura et al.| 
2010| l. The WISE pipeline implements a sophisticated multi- 
Band and multi-frame source detection algorithm. The final 
product is an all-sky survey data release catalog which re- 
ports Vega source magnitudes with the absolute calibration 
being referenced to standard stars. 

The corresponding images in the short (Wl) and long (W4) 
wavelength bands are shown in Figure[3] The all-sky data re- 
lease was searched for detected objects within a radius of 1.5' 
around the positions of the region centers listed in Table[2] All 
sources with the photometric quality (ph_qual) flag of A, 
B or C, denoting real (albeit including low signal-to-noise) 
detections were included. The selection was carried out for 
each band individua lly. We used profil e-fit magnitudes and 
standard zeropoints (Jarrett et al.||20lT} in order to measure 
the approximate contribution due to associated point sources. 
The summed fluxes of detections for each region are listed in 
Table[3] These should be treated as upper limits on the contri- 
bution of point sources at the position of each X-ray feature 
discussed here. 



2010). Over the course of a year after its launch in late 2009, 

WISE carried out a deep all-sky survey in four MIR bands, 4 http : //wise2 . ipac . caitech. edu/docs/reiease/aiisky 
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Fig. 3. — WISE images of the part of the sky targeted by the two Suzaku "on" pointings at short (Wl) and long (W4) mid-infrared wavelength 
(upper and lower panels, respectively). White circles denote the source extraction regions for the analyzed X-ray spots, as given in Tableland 
shown in Figure[2] 



Figure[3] shows that the areal density of WISE detections 
in the targeted part of the sky decreases strongly with wave- 
length, with each source extraction region for all the analyzed 
X-ray spots overlapping with several MIR emitters at 3.4 /im, 
but being typically devoid of any bright sources at 22 /im. 
Only the regions of src 1 and 3 are completely dominated by a 
couple of sources alone. In particular, src 1 coincides with one 
very blue object at (R.A.=200°.9314, Dec.= -45°.0827), 
a star, TYC 8248-535-1, present in the SIMBAD database, 
and one red object at (200°. 9335, -45°. 0947), the aforemen- 
tioned galaxy 2MASX J13234402-4505410. The brightest 
MIR emitter in the region of src 3 is a very red source located 
at (200°. 7099, -45°. 1809), lacking any optical identification. 

The last two columns in Table|3] list the corresponding 
MIR-to-X-ray spectral indices, computed formally with the 
given 3.4 f im and 22 /im fluxes, and 1 keV fluxes of each spot 
(see § |2.3| below). The provided numbers do not correspond 
necessarily to real source spectra, as the utilized WISE fluxes 
are superpositions of contributions from distinct objects, es- 



pecially at shorter wavelengths. We note however that the 
evaluated «3 4 ^ m -i keV indices are relatively steep, > 1.7, so 
even assuming that the Wl-band fluxes of real counterparts of 
the X-ray features are one order of magnitude lower than the 
listed values, these indices would still all be > 1. The situa- 
tion is somewhat different when 0:22 ^m-i kcV are considered, 
since in the W4 band most of the analyzed regions (includ- 
ing X-ray bright src 6-8) are lacking significant detections. 
These non-detections may potentially challenge the possibil- 
ity for AGN associations, as the MIR-to-X-ray power-law 
slopes for local r adio-quiet AGN have been shown to be > 1 
(e.g., |Gandhiet al.|2009) . 

All in all, based on the analysis of the WISE data we con- 
clude that at least src 3 — clearly coinciding with a red MIR 
emitter — is consistent with being a background obscured 
AGN rather than a feature related to the lobe. This conclu- 
sion is supported by the X-ray spectral analysis presented in 
the next section below. In addition, the relatively dim src 1 
could be considered as a likely X-ray counterpart of a 'Low- 
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TABLE 3 

Total MIR Fluxes (in milli-Jy) for the Source Extraction Regions of the X-ray Spots 



Region Wl[3.4/im] W2[4.6(Um] W3 [12//m] W4* [22/^m] a3.4 M m-ikcV "22 M m-ikcV 



srcl* 287.8 141.0 34.2 17.7 2.2 1.5 

src2 10.9 5.9 3.7 <6 1.8 <1.4 

src3t 33.7 18.1 10.7 14.8 1.8 1.4 

src4 49.1 25.3 4.8 <6 2.0 <1.4 

src5 58.6 30.2 7.1 8.6 2.0 1.4 

src6 35.1 17.8 7.0 <6 1.9 <1.4 

src7 11.4 6.2 3.1 <6 1.7 <1.3 

src8 17.6 9.4 2.1 <6 1.8 <1.3 



* For the W4 filter, several regions are devoid of detections; in these cases, the nominal 5<r point source detection limit of 6 mJy has been assumed. 

* The total WISE flux is dominated at short wavelengths by a star TYC 8248-535-1, and at longer wavelengths by a galaxy 2MASX J13234402-4505410. 
t The total WISE flux is dominated by a single red object located at (200°. 7099, —45°. 1809) lacking any optical identification. 



Luminosity AGN'. As for the other X-ray spots considered, 
the situation is still open, especially as more AGN associa- 
tions could be expected on statistical grounds. We draw atten- 
tion to the particularly interesting cases of src 7 and 8, which 
lack any optical or MIR counterparts, but at the same time, 
as shown below, are characterized by relatively steep X-ray 
spectra and positionally associated with a prominent radio fil- 
ament in the lobe. 

2.3. X-ray Spots: Spectral Analysis 

We fitted the spectra of the X-ray features detected at signif- 
icance levels above 5cr (src 3 and 5-8) using XSPEC (V12.7.0) 
with an absorbed power-law mod el (P L ) and an absorbed ther- 
mal model APEC ( Foster et al.||2012] l, in all cases freezing 
the absorbing neutral hydrogen column density at the Galac- 
tic value in the direction of the source, A^Gai = 0.7 x 
10 cm . The results of the fitting, summarized in Table|4| 
indicate that both models provide an equally good description 
of the data, with the emerging photon indices T ~ 2.0 ± 0.5 
for all the spots, except for src 3 which is characterized by 
T < 1.5, or equivalently with plasma temperatures within the 
range kT ~ 1 — lOkeV, again except for src 3 which has a 
poorly constrained kT > lOkeV. Figure|4]presents the Suzaku 
spectra of src 3 and 5-8 and the corresponding PL fits. The 
summed unabsorbed 0.5 — lOkeV flux of all the analyzed 
features is Fx — 7 x 10~ 13 erg cm~ 2 s , implying a total 
0.5 — lOkeV luminosity of the spots Lx ~ 10 erg s _1 (for 
the assumed distance of D = 3.7Mpc). These values corre- 
spond to a surface area 2 x 0.09 deg 2 , i.e. twice the effective 
FOV of the XIS instrument. All the analyzed X-ray sources 
appear steady during the performed exposures, as shown in 
Figure|5]and quantified in TableHj We note that in the fitting 
procedure using the APEC model, due to the rather limited 
photon statistics the plasma abundance could not be treated 
as a free parameter, but instead was fixed at the value Z = 
0.3 Zq (as roughly expected for the inter-galactic medium 
at l arger dis tances from the galaxy group/cluster center; see, 
e.g., |Sun|2012[ ). Alternative fits with the abundance reduced to 
Z = 0.1 Zq, or even assuming a pure bremsstrahlung model 
instead of APEC, returned essentially the same model param- 
eters (including normalization), and comparable x 2 values. 

As follows from Table|4] src 3 stands out in terms of its flux 
and spectral properties from the other X-ray spots analyzed 



here, displaying a flat X-ray spectrum with no signatures for 
curvature or a cut-off up to lOkeV photon ener gies. This jus- 
tifies further the idea, presented previously in §|2.2|based on 



the analysis of the WISE data, that this feature is related to 
a background type 2 AGN rather than to the Centaurus A gi- 
ant lob^J With src 3 excluded, the summed 0.5 — lOkeV 
fluxes and luminosities of the modeled src 5-8 are Fx — 
4 x 10 -13 ergcm~ 2 s _1 and Lx ~ 0.6 x 10 39 ergs _1 , re- 
spectively, meaning F^ ~ 10~ 13 ergcm~ 2 s _1 and L x ~ 
10 38 erg s _1 per spot, on average. 

Figure[6]presents the superposition of the X-ray contours on 
the polarized radio intensity map of the Southern lobe in Cen- 
taurus A. As shown, some of the bright X-ray features classi- 
fied before as 'possibly related to the lobe' do indeed coincide 
with the polarized radio structures. The correlation is partic- 
ularly evident in the case of the bright spots 7 and 8, located 
almost exactly at the position of the two "holes" within a sin- 
gle bright radio filament. This kind of morphology reminds 
us of the structures observed around the Galactic C enter re- 
gion, consisting of highly po l arized radio filaments (|Lang et 
| al.|19991 |LaRosa et al.|2000"l |Nord etlL|2004] |Yusef-Zadeh 
|et al.|2004| l interacting with molecular clouds (Staguhn et al. 
1998 ) and coinciding in many cases with compact X-ray fea- 



tures of unknown origin (Sakano et al. 2003 |Lu et al.|2008 



Johnson et al.T2 009 see also §[3}. 



If the two "on" regions targeted with Suzaku are represen- 
tative of the rest of the halo, one may estimate the expected 
total 0.5 - lOkeV flux and the total 0.5 - lOkeV luminosity 
of the entire population of the X-ray spots 'possibly related 
to the radio structure' (with src 3 excluded) to be Fx, tot ~ 

erg cm~ 2 s _1 , and 
1 , respectively, 



-li 



Fx x 13.2deg 2 /0.18deg 2 ~ 3 x 10" 
L x ,tot 4 7 r J D 2 J Fx,tot ~ 5 x 10 40 ergs~ 
where 13.2 deg 2 is the total angular extens ion of the Cen- 
taurus A giant lobes on the sky (following Hardcastl e et al.| 
|2009| l. These are non-negligible values indeed, taking into 
account that the single previously available SAS3 upper limit 
for the X-ray emission of the halo is of the same order 
(|Marshall & Clark||1981|). Even more importantly, the to- 



tal expected non-thermal (inverse-Compton) flux of the gi- 

5 We note some hints for the presence of a line-like feature/excess in the 
Suzaku spectrum of src 3 (both front- and back-illuminated CCDs), around 
the observed photon energies of ~ 4 keV. If due to iron Ka emission, this 
feature would be consistent with a source redshift of, roughly, z ~ 0.5. 
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TABLE 4 

Modeling Results for the X-ray Spots Detected at > 5<r Level 



source red.x 2 /dof 


r 


^x, abs Fy, red.x 2 /dof 


kT 


Fx, abs Fx. 


Z/Zq 


Norm 


red.x 2 /dof 


(1) (2) 


(3) 


(4) (5) (6) 


(7) 


(8) (9) 


(10) 


(11) 


(12) 



src 3 


1.340/8 


i o 9 +0.12 
1 -J^_0.12 


29.2 


30.4 


0.671/51 


32.8 


28.3 


29.5 


0.3^' 


17.1 + |-| 


0.639/52 


src 5 


0.211/8 


^•UU_ 32 


6.6 


7.3 


1.192/30 




6.3 


6.8 


0.3^' 


4 77+O.8I 
4 - ' '-0.82 


1.249/31 


src 6 


0.395/8 


1.89^ 


7.5 


8.3 


0.804/36 


4.6+ft 


6.9 


7.4 


0.3^' 


r 24+0-66 
°' z4 -0.67 


0.788/37 


src 7 


0.693/8 


r, c-n+0.24 
Z - OZ -0.23 


7.1 


8.3 


1.020/38 


2 1+ - 7 
^'-"--0.3 


5.8 


6.5 


0.3^' 


a cc+o.69 

D - oo -0.69 


1.373/39 


src 8 


0.598/8 




15.8 


16.8 


0.685/47 


'■■ ) -2.1 


14.9 


15.8 


0.3^' 


Q ^y+0.73 

y-o' -o.7i 


0.770/48 



(1) source ID; (2) quality of a constant fit to the source lightcurve (reduced \ 2 value/degree of freedom); (3) photon index in the PL model with 90% confidence 
level errors; (4) absorbed 0.5 — lOkeV flux of the source in the PL model, in units of 10~ 14 erg cm -2 s -1 ; (5) unabsorbed 0.5 — lOkeV flux of the source in 
the PL model in the same units; (6) quality of the PL fit; (7) plasma temperature for the APEC model in units of keV with 90% confidence level errors (except for 
src 3 for which no meaningful errors could be calculated); (8) absorbed 0.5 — 10 keV flux of the source in the APEC model, in units of 10~ 14 erg cm~ 2 s — 1 ; (9) 
unabsorbed 0.5 — 10 keV flux of the source in the APEC model in the same units; (10) fixed ("/") abundance in the APEC fit; (11) APEC normalization X 10 — 5 ; 
(12) quality of the APEC fit. 



ant lobes within the 0.5 — lOkeV range, as derived from 



the broad-band modeling presented in |Abdo et al. (2010 1, is 
~ 1.2 x 10~ n erg cm~ 2 s _1 , which is formally below the ex- 
pected summed contribution from the spots. We also note that 
the total flux of the diffuse thermal emission detected in our 
Suzaku observations within the Centau rus A lobes is similarly 
of the same order of magnitude (see § |2.4| below). It should 
be kept in mind, however, that even if the discussed spots are 
indeed related to the lobes, their distribution within the whole 
giant halo may not be uniform, as the two analyzed Suzaku 
pointings — which targeted small but particularly radio-bright 
part of the Southern lobe — may not be representative of the 
rest of the extended structure. Regardless, one may conclude 
that the total X-ray emission of giant lobes in systems like 
Centaurus A is a complex mixture of the diffuse thermal and 
non-thermal components, plus a prominent contribution from 
compact X-ray features. Only with the broad energy cover- 
age and suitable combination of sensitivity and resolution of 
Suzaku could these components be disentangled, as otherwise 
they would form a single emission continuum. 

Finally, let us comment on the three X-ray spots coinciding 
with bright stars, and as such classified before as unrelated to 
the lobes. Their XIS spectra, extracted in the same way as in 
the cases of src 3 and 5-8 discussed above, did not give good 
fits with the PL model (with set free), or the absorbed 
APEC model assuming an abundance of 0.3 solar or higher. 
Only with the abundance in the APEC model set free and 
zero absorption could reasonable fits be obtained, returning 
Z < Zq and kT < 1 keV. Low abundance in fits of this kind 
has been shown often to be an artifact resulting from fitting 
to a mixed -temperature plasma (see the related discussion in 
Kim|2012 1. And, indeed, the X-ray brightest spot coinciding 
with stars HD 1 16099/TYC 8248-981-1 could formally be fit- 
ted well with a two-component APEC model. As noted above, 
this difference in the X-ray spectrum supports our belief that 
these sources are unrelated to the lobes. 



2.4. Diffuse Emission Component 

In the previous sections we focused on compact X-ray fea- 
tures detected in the Suzaku "on" pointings "Lobe 1" and 
"Lobe 2" centered on the Southern lobe in the Centaurus A 
radio galaxy. In this section we present a detailed analysis of 



the diffuse emission component filling the whole FOV of the 
XIS instrument, which remains after removing all the com- 
pact X-ray features including src 1-8, three spots coinciding 
with bright optical stars, as well as spurious sources due to 
instrumental artifacts. The diffuse counts extracted from the 
entire field of view of both CCDs were analyzed using stan- 
dard methods, utilizing the energy range 0.6 — 7.0 keV for 
XIS0 and XIS3 and 0.5 - 6.0 keV for XIS1 (to avoid large 
errors in the extrapolation of contamination files), and ignor- 
ing the range 1.8 — 1.9 keV due to calibration uncertainty of 
Si K-edge. The ARF files were produced assuming that the 
diffuse emission is distributed uniformly within circular re- 
gions with 20' radii (giving the ARF area of 0.35 deg 2 ) using 
xissimarf gen and new contamination file^J The back- 
ground component was estimated from the two shorter "off" 
Suzaku exposures "Lobe 3" and "Lobe 4" targeting the blank 
sky outside of (but close to) the Centaurus A Southern lobe 
(see the last two raws of Table[T|, again after removing all the 
prominent compact features. 

Figure|7] presents the large-scale and broad-band ROSAT 
count map centered on the position of Centaurus A, together 
wi th the 4.75 GHz contour map of the giant lobes ( |Junkes et 
[aL]|1993| l; the positions of all the Suzaku pointings (see Ta- 
ble[T]l are marked with yellow squares. The XIS0+3 images 
of the "off" pointings, corresponding to the photon energy 
range 0.5—10 keV, are shown in Figure|8] with optical sources 
from the SIMBAD database denoted by green crosses. In the 
figure, white circles and ellipses mark the positions of com- 
pact X-ray features (astrophysical sources or instrument arti- 
facts in the bottom-left corners of the two FOVs) which are 
removed from the extraction areas used to measure spectra 
for the diffuse counts. We note that the most prominent X-ray 
feature in the "Lobe 4" region (lower panel in Figure|8j, with 
0.5 — lOkeV flux comparable to the those of src 1-8 analyzed 
previously, coincides with a strong (~ lOmJy) radio source 
SUMSSJ130713-451427. 

First, we fit all four Suzaku pointings using XSPEC with 
the same model MEKAL+wabs * (MEKAL+PL) including an 
unabsorbed thermal component representing Local Bubble 



Contamination files ae_xi?_contami_edm_20110927 . f its taken 
from http : // space .mit . edu/XIS/monitor/contam/ 
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Fig. 4. — X-ray spectra of sources 3, 5-8 (from top to bottom, re- 
spectively), as measured by front-illuminated CCDs XISO+3 (black 
datapoints) and back-illuminated CCD XIS 1 (red datapoi nts), Con- 
tinua represent PL models fitted to the data (Tableland § |2.3} . The 
datapoints are binned in 40 cts. 



Fig. 5. — X-ray lightcurves of sources 3, 5-8 (from top to bottom, 
respectively) during the corresponding Suzaku exposures, binned in 
3.2 h intervals. The performed constant fits to the lightcurves im- 
ply st eady emission during the performed exposures (see TableHland 
§1231. 
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Right Ascen-sion 




Right Ascension (J2000) 



Fig. 6. — Polarized radio intensity map of the Centaurus A Southern lobe with the X-ray Suzaku countours superimposed. Note that the most 
pronounced radio filament in the top-right corner of the zoomed image was unfortunately not covered by the Suzaku observations. 



(LB) emission, an absorbed thermal component represent- 
ing Galactic Halo (GH) emission, and an absorbed power- 
law component corresponding to the Cosmic X-ray Back- 
ground (CXB) radiation (see, e.g., Yuasa et "aL]|2009[ ). The 
neutral hydrogen column density was fixed as before to the 
Galactic value in the direction of the source, iVn, Gal = 
0.7 x 10 21 cm -2 , the photon index for the CXB component 
was fixed at Tcxb = 1-41, and the abundance in the MEKAL 
models was fixed at the solar value. The results of the fit- 
ting are summarized in Table[5] As shown, while the LB and 
CXB components are reproduced correctly in all four cases, 
an excess emission in the "on" pointings seems to be present 
when compared with both "off" pointings, manifesting itself 
in the increased (by a factor of two) normalization of the GH 
component in the "Lobe 1" and "Lobe 2" regions. This excess 
may represent a large-scale fluctuation in the GH emission, 
or an additional X-ray component originating in the Centau- 
rus A system. The same result is obtained using the APEC 
plasma model instead of MEKAL, along with an alternative 
parametrization of the Galactic foreground and a complemen- 
tary fitting procedure, as summarized in the Appendix. 

Next, we fit the "Lobe 1" and "Lobe 2" regions assum- 
ing the model MEKAL+wabs* ( MEKAL +PL+MEKAL) , with 
the parameters (temperatures and normalizations) of the 
LB+GH+CXB background emission fixed as derived previ- 
ously based on the analysis of the "Lobe 3" region (see Ta- 



ble^, and an additional absorbed thermal component repre- 
senting the soft excess seen at the position of the lobes. The 
results are summarized in Table|6] The same procedure using 
"Lobe 4" instead of "Lobe 3" background parameters resulted 
in a rather poor description of the data (large values of reduced 
X 2 ), because of a larger number of point sources present in 
the "Lobe 4" pointing which had to be removed before the ex- 
traction of the diffuse counts, leading to a poorer background 
determination. We repeated the fits assuming an abundance 
for the additional thermal component of Z/Zq — 0.1, 0.3 
and 1. As expected, the derived model parameters are not 
sensitive to the particular value of the metallicity assumed, 
except for normalization, which roughly anti-correlates with 
Z. We note that in the case where the soft excess is related 
to a large-scale fluctuation of the GH emission, solar abun- 
dance should be expected. However, in the case where the soft 
excess is related to the Centaurus A structure, the abundance 
might be expected either to be sub-solar, if the X-ray emitting 
gas is representative of the intergalactic medium interacting 
with th e radio-emitting outflow (see, e.g., Siemigrnowska et 
al.|2012 1, or even super-solar, if it is related to the matter up 



lifted by the ex panding radio bubble fr om the Centaurus A 
host galaxy (e.g., Simion escu et al.|2008| >. The corresponding 
XIS spectra of the diffuse emission detected in the "Lobe 1" 
and "Lobe 2" regions are presented in Figure|9] together with 
the model curves (Z = 0.3 Z Q fit). 
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Fig. 7. — Broad-band ROSAT count map smoothed with a Gaus- 
sian with a — 7 pixels and centered on the position of the Centau- 
rus A radio galaxy. The white contour s correspond to t he 4.75 GHz 
Parkes image of the giant structure jjunkes et al.|1 993 1, begining at 
0. 1 Jy/beam and increasing by a factor of two. The positions of all the 
Suzaku pointings analyzed in this paper (see TablefT} are represented 
with yellow squares and labelled with their observation number. 



To sum up, we conclude that the model we have applied 
provides a reasonable representation of the data, implying 
a relatively prominent soft X-ray excess at the position of 
the CentaurusA giant lobes probed with Suzaku, which is 
best described as thermal emission from hot gas with a tem- 
perature of kT ~ 0.5 keV. As already noted above, it may 
originate in the Centaurus A system, or instead may be due 
to some large-scale fluctuation in the foreground GH emis- 
sion. The latter option cannot be ruled out with the avail- 
able data (cf. the ROSAT ma p in Figure[7]). However, in 
the discussion that follows (§ |3.1| l we investigate the for- 
mer possibility, arguing that the soft X-ray emitting gas re- 
sponsible for the observed excess is consistent with dif- 
fuse matter filling the lobe and mixed with the non-thermal 
plasma, or alternatively with a condensation of the intergalac- 
tic medium around the edges of the expanding radio struc- 
ture. The estimated 0.5 — 2keV absorbed flux of this gas 



lO-^ergcirT^s-VO.SSdeg 2 



meaning 



is roughly ~ 6 x 

~2x 10 -11 erg cm -2 s" 1 for the entire halo (~ 13.2 deg 2 ), 
assuming that the "Lobe 1" and "Lobe 2" regions are indeed 
representative for the entire structure. 

We finally note that the analysis of the data collected with 
t he Hard X-ray Detecto r (PIN instrument) on board Suzaku 
(Taka hashi et al.||2007[ ) during the exposure that we car- 
ried out reveals no excess emission at the position of the 
"Lobe 1" and "Lobe 2" over the background. The implied 
10 — 50 keV upper limit of 5 x 10 
or Fi -50kcv < 3 x 10" 10 
as a whole, is about one order of magnitude above the non- 
thermal diffuse flux in the 10 — 50keV range expect e d from 
the broad-band modeling presented in |Abdo et~aL ( 2010| l, 



12 erg cm 2 s 1 /0.25deg 2 , 
ergcm~ 2 s _1 for the giant halo 



namely ~ 2 x 10~ n ergcm~ 2 s _1 . At lower photon ener- 
gies, it is the level of the CXB component of the spectrum 
that provides the relevant upper limit for the non-thermal 




Fig. 8. — Vignetting-corrected and NXB-subtracted XIS0+3 image 
of the "off" pointings ("Lobe 3" and "Lobe 4" in the upper and lower 
panels, respectively; see Table[T|(, with optical sources from the SIM- 
BAD database denoted by green crosses. White circles and ellipses 
mark the positions of compact X-ray features which are removed 
from the extraction area used for the diffuse counts. 



diffuse emission of the lobes. In detail, the total absorbed 
2 — lOkeV energy flux detected in the "on" pointings is 
~ 6.5 x 10~ 12 ergcm- 2 s- 1 /0.35deg 2 (see TableBl basi- 
cally as expected for the CXB surface brightness. This im- 
plies that any diffuse emission filling the halo should not 
exceed ~ 10% of this value. Meanwhile, the 2 — lOkeV 
energy flux e xpected for the Sou thern lobe of CentaurusA 
based on the lAbdo et al.l 



analysis is on average 



1.5 x 10 erg cm ^s V0.35 deg , i.e. about a factor of four 
below the formal upper limit of 10% of the CXB level. 
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TABLE 5 

Modeling Results for the Diffuse Emission 



region 
(1) 


kT LB 
(2) 


Norm LB 
(3) 


kT GIi 
(4) 


NormQH 
(5) 


NormcxB 
(6) 


pabs 

^0.5-2 keV 

(7) 


pabs 

^2-10 keV 

(8) 


Z/Z e 
(9) 


red.x 2 /dof 
(10) 


Lobe 1 ("on") 
Lobe 2 ("on") 
Lobe 3 ("off") 
Lobe 4 ("off") 


0.19 ±0.01 
0.20 ± 0.01 
0.20 ± 0.01 
0.19 ±0.01 


o „+0.20 
o.oo_ jo 
o 99 +0.18 
°- zz -0.17 

n ofi + 0.33 

°- ou -0.32 
o Q/i+0.33 
^■^-0.31 


o 60+ 03 

fifi+ 02 
U ' DD -0.03 

o.7ol°; 2 9 

o.ao±S:ii 


7 42+ - 79 
'•^-0.82 
7 oq+0.68 
' •°°-0.69 

3.79t\il 

n .c+0.88 
J ' 40 -0.84 


q 7 +0. 03 
u - 9 ' -0.02 

1 01 + 003 
1 - ul -0.02 

4 - u4 -0.05 
1 1s +0. 05 
i - i8 -0.06 


7.88 
7.67 
7.19 
5.87 


6.32 
6.59 
6.73 
7.63 


1.0-f 
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1.16/441 
1.13/512 
1.30/131 
0.87/123 



(1) Region fitted; (2) temperature of the LB component in the keV units; (3) MEKAL normalization of the LB component X 10 3 ; (4) temperature of the GH 
component in the keV units; (5) MEKAL normalization of the GH component X 10 -4 ; (6) normalization of the CXB component X 10 — 3 ; (7) absorbed 0.5 — 2 keV 



reduced \ value/degree of freedom. 

TABLE 6 

Modeling Results for the Excess Diffuse Emission 
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6.72 


1.20/444 


Lobe 2 










1.0-f 

0.3-f 
0.1 / 


64+ 05 

64+ 05 
u ' Dy: -0.05 

62+ ' 06 
u - DZ -0.06 


19 1+ 261 
la - -2.49 


5.83 
6.20 
6.72 


1.13/515 
1.13/515 
1.13/515 



(1) The assumed abundance Z; (2) temperature of the additional thermal 
component in the keV units; (3) the MEKAL normalization of the additional 
thermal component xl0~ 4 ; (4) absorbed 0.5 — 2keV flux in the units of 
10~ 13 erg cm~ 2 s — V0.35 deg 2 ; (5) reduced \ 2 value/degree of freedom. 

3. DISCUSSION 

3.1. Origin of the Diffuse Emission 

The results of the analysis of the Suzaku data regarding 
the diffuse emission positioned at the part of the Southern 
giant lobe in the CentaurusA radio galaxy, as summarized 
above, suggest a presence of an excess component best mod- 
eled as thermal emission from a hot gas with temperature 
kT ~ 0.5 keV. Assuming this excess originates within the 
Centaurus A halo rather than in the Galactic foreground, the 
returned MEKAL normalization (see Table[6]), 



Norm 



10 



-14 



AttD 2 



cm 



\ cm 2 J \cm 



(1) 



where ARF = 0.35 deg 2 with the conversion scale 
1.08kpc/arcmin and I is the third dimension of the emit- 
ting region, implies a number density for the X-ray emit- 
ting gas of n g ~ (0.9 — 2.5) x 10 -4 cm -3 , where we as- 
sume abundances within the range 10% — 100% solar, and 
£ = 150 kpc as appropriat e for gas that u niformly fills the en- 
tire Southern lobe (see Hardc astle et al.|2009| l. Such a value 
for the density may be considered as relatively high, imply- 



ing that the total mass of the thermal gas contained within 
the entire halo is of the order of n g m p Vg ~ 10 10 M for 
the mean number density n g ~ n g ~ 10~ 4 cm~ 3 within 
the lobes' volume Vt — 2 x 10 71 cm~ 3 . Yet if such a 
large amount of hot gas is indeed mixed with the diffuse 
non-thermal plasma, composed of a magnetic field with the 
volume-averaged field strength B ~ 1 fiG roughly in pressure 
equipartition with the radio-emitting ultrarelativist ic electrons 



— na mely, (U B ) = B 2 /8ir ~ (p e± ) = (U e± )/3 ( |Abdo et al. 
2010) — then the lobes' thermal pressure (p g ) = n g kT ~ 
" is almost exactly equal to the non-thermal 
a 8 x 10~ 14 erg cm -3 . In other words, the 



-14 , 



8x10 " erg cm 
one (p e ±) + (U B ) 



sound velocity in the system c s = (5 fcf/3 mp) 1 / 2 ~ 3 x 
10 7 cm s _1 is then approximately equal to the Alfven velocity 
va = B I '(47T TOpUg) 1 / 2 ~ 2 x 10 7 cms _1 , or equivalently 
the plasma parameter (3 = (p 9 )/(Ub) — (c s /va) 2 ~ 1. 
Pressure equilibration between different plasma species in the 
giant lobes of Centaurus A is a meaningful characteristic, re- 
minding us again of the ISM within the Galactic disk. 

The numbers derived above challenge at the same time, at 
least to some extent, the alternative scenario for the soft X-ray 
excess related to the Centaurus A system, and involving a con- 
densation of the hot intergalactic medium around the edges 
of the expanding radio structure. That is because in such a 
case the third dimension of the emitting volume is likely to be 
smaller than the scale of the lobes^] £ <C 150 kpc, resulting 
in an increased gas number density n g oc £^ 1 / 2 and therefore 
in an increased gaseous pressure p g oc n g largely exceeding 
(Pe±) + (Ub)- That is to say, this alternative scenario does 
not give self-consistent values for the model parameters, un- 
less an additional pressure support is assumed for the lobes, 
for example due to ultrarelativistic prot ons injected by the jets 
into the expanding cocoon (see, e.g., Ostrowski 2000|. We 
also note in this context that the gas density in a typical poor 
group of galaxies at the distance r from the group center, ap- 
proximated by the standard profile 



riigjr) ^ n x 



(2) 



7 We note, however, that in the case of very light relativistic jets evolving 
in a stratified hot thermal atmosphere, it is possible to find a set of the model 
parameters for which the spatial scale of the gas compressed and heated by 
the bow shock driven by the expanding cocoon is comparable to the scale of 
the radio lobes (Hardcastle & Krause, in prep.). 
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Fig. 9. — The XIS spectra of the diffuse emission com- 
ponent detected in the "Lobe 1" and "Lobe 2" regions 
(upper and lower panels, respectively), together with the 
MEKAL+wabs* (MEKAL+PL+MEKAL) model curves corre- 
sponding to the Z = 0.3 Z Q fit described in §[21] XISO data/fit are 
shown in black, XIS1 in red, and XIS3 in green. 



|Kaiser et al.| (|2000 ) discussed in this context various mech- 
anisms enabling the extended radio lobes to be enriched by 
the additional thermal matter, e.g., via uplifting of some part 
of the interstellar medium from the galaxy host by the ex- 
panding outflow, as in f act observed recently in a few cases 
( Simi onescu et al.|2008| ), or via the entrainment of warm and 
dense gaseous clouds present in the intergalactic medium by 
the lobes (followed by the clouds' destruction and disper- 
sion over the entire lobe volume on the time scales of about 
~ 10 Myr). In addition, analysis of the pressure balance be- 
tween the radio lobes and the surrounding intergalactic or in- 
tracluster medium for larger samples of objects led to the con- 
clusion that the dominant pressure support in the lobes, in the 
case of the oldest and most evolved systems, cannot be en- 
tirely explained by the radio-emitting electrons and magnetic 
field, but in addition requi res either ther mal matte r or a rela- 
tivistic proton population (|Hardcastle & Worrall|2000| |Dunn| 
|et al.|2005H"Croston et al.|2008||Birzan et al.|2008| ). These are 
all strong yet indirect indications for the presence of thermal 
matter within the extended lobes of radio-loud AGN. Until 
now, no direct evidence for su ch matter has been f ound in ei- 
ther X-ray or radio studies (Sanders & Fabian 2007). 

Upper limits for the thermal gas density within the lobes 
of luminous radio galaxies were previously derived from the 
apparent lack of any signatures of internal depolarization of 
the radio emission, with often claimed volume- and sample- 
averaged product (n g xJJ) < 5 x 10~ 3 /iGcm~ 3 (Garrington 
& Conway|l99l) l, meaning 



< (1 - 10) x 10- 



cm 



for 



the typically derived field s t rength range 3 uG < B < 30 /xG 
UKataoka & Stawarz|[2003) |Croston et aT1|2005) [Isobe et al.| 



201 1 and references therein). In the particular case of Cen- 
taurus A, the analysis of the improved RM da ta presented in 
the forthcoming paper O'Sullivan et al. (2012) reveals, for the 
very first time, strong indication for a positive detection of 
the internal depolarization signal, with a corresponding gas 
density n g ~ 10~ 4 cm -3 . This is in an excellent agreement 
with the results presented here based on a completely differ- 
ent dataset. Such an agreement is rath er encouraging , keep- 
ing in mind that the RM analysis by O'Sullivan et al. (2012) 
should be considered to be more robust method for the detec- 
tion of the thermal content of the Centaurus A giant lobes, as 
it probes the entire volume of the halo and not only a small 
part of them as in the case of the Suzaku data discussed here. 



with r > ao — lOkpc, b ~ 1.5, and no ;$ 10 _2 cm -3 , 
yields the expected ni gm (150kpc) < 10~ 4 cm -3 ; the rela- 
tively large scatter in the values of the parameters a , b and 
rip found for various systems shoul d be kept in mind (e.g.; 
Mulchaey & Zabludoff|199"8||Sun|2012[ ) 



In general, the extended lobes in radio galaxies and quasars 
were previously believed to be largely devoid of thermal mat- 
ter, and to consist solely of relativistic particles and mag- 
netic field deposited by a pair of jets over the entire lifetime 



of a source (e.g., Scheuer 1974 Begelman & Cioffi 1989 
Kino et al. 2012 1! More recently, this somewhat simplis 



tic view has changed, as several observational findings trig- 
gered the discussion on possibly significant thermal content 
of the lobes in different systems. For example, observations 
of so-called 'double-double radio galaxies', i.e. the systems 
with inner/younger radio lobe s evolving within and aligned 
with the outer/old er lobes ( |Schoenmakers et al.|20 00; Saikia 
& Jamrozy|2009| l, suggested a mass density within the outer 
lobes in excess of that expected from a pure jet deposition. 



3.2. Origin of Compact X-ray Features 

In this section we return to the compact X-ray 'spots' de- 
tected in our Suzaku observations and discuss their origin in 
more detail. In the estimates given below we evaluate plasma 
parameters corresponding to different emission models for a 
single spot with radius R < 1.5' ~ 1.6 kpc producing an 

0. 5 - lOkeV flux at the level of F x ~ 10~ 13 erg cm~ 2 s~\ 

1. e. characterized by an X-ray luminosity of, roughly, L x ~ 
10 38 ergs" 1 (these parameters are roughly characteristic of 



the spots we observe; see § 2.3 1. 



3 .2. 1 . Bremsstrahlung Emission 

A thermal interpretation of the detected X-ray spots would 
imply the presence of compact over-densities in the gas dis- 
tribution within the giant lobes of Centaurus A, with the tem- 
peratures kT ~ 5 keV elevated by an order of magnitude with 
respect to the thermal diffuse pool characterized by the av- 
erage kT ~ 0.5 keV. Such over-densities could, in principle, 
constitute manifestations of the interactions of the magnetized 
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radio-emitting outflow with pre-existing inhomogeneities in 
the ambient medium, as in fact observed in Centaurus A on 
somewhat smaller scales, around the middle and inner North- 
ern lobes, muc h closer to the active nucleus and the host 
galaxy (see Morganti 2010). There, the performed infrared, 
optical and X-ray studies indicate the presence of dust clouds, 
filaments of young stars, or condensations of hot gas related 
to the radio structure, and best explained in terms of interac- 
tions of the expanding jets/lobes in the system with the ambi- 
ent matter, resulting in substantial he ating of the plasma and 
the triggering of star formation (e.g., |Kraft et al.|2009| Auld 



V = (4/3) 7ri? 3 reads as 



|et al.|2012]|Crockett et al.|2012|i. Similar phenomena are also 



observed in other analogous radio galaxies, and hence seem 



generic for nearby, low-power radio-loud AGN (e.g., Siemigi- 
|nowska et al.|2012] and references therein). 

In this context, radio lobes may be analogous to the Galac- 
tic Center region, where the disturbed endpoints of prominent 
non-thermal radio filaments are observed to coincide with 
molecular clumps, consistent with the idea that magnetic en- 
ergy is liberated as the large-scale magnetic field, tangled by 
the motion of the clumps, reconnects in the ext ernally ion- 
ized surface layer of the a dvancing clumps (e.g., Sta guhn et] 
|al.|1998||Sofue et al.|2005[ l. This type of morphology reminds 
us to some extent of the complex structure in the Southern gi- 
ant lobe of Centaurus A revealed by our new X-ray and radio 
maps, suggesting a scenario in which the energy of the re- 
connecting magnetic field, released primarily in the form of 
short-scale magnetic turbulence, is used to heat the plasma of 
the interacting gaseous condensation, and to form in this way 
the observed compact X-ray-emitting features, while also de- 
polarizing the synchrotron radio emission of the filaments (cf. 
src 7 and 8 in Figure[6]). 

In the framework of this model, the plasma energization 
timescale involved has to be s horter than the lifetime of the 
system, riif c ~ 30Myr (Hardcastle et al. 2009 ), but not much 
shorter than the Coulomb collision timescale of the heated 
electron population in order to avoid any efficient acceleration 
of particles to higher (ultrarelativistic) energies and hence the 
formation of an energetically relevant non-therm al tail in the 
electron en ergy distribution (see the discussion in Petr osian~&| 
|East|2008] ). Assuming the 'cold ambient plasma' regime for 
the Coulomb interactions, the appropriate collision timescale 
can be evaluated to be 



TCoul 



2E e v e 



3(7t m e c 4 n„ InA 



0.5nI^Myr 



(3) 



for the Coulomb logarithm InA ~ 30, electron kinetic energy 
E e = 0.01 m e c 2 with the corresponding electron velocity v e , 
and the gas density n g = n_4 x 10 -4 cm -3 . It should be 
kept in mind, at the same time, that the 'cold plasma regime' 
is not strictly valid for the electrons with v e close to the ther- 
mal velocities of the background particles, in which case the 
Coulomb collision ti mescale m ay be much longer than the one 
evaluated above (see Petrosian & East 2008 ). 

The problem with the above interpretation is however the 
energetics of the spots. The APEC normalization ~ (0.5 — 
1) x 10~ 4 derived for the analyzed src 5-8 (see TableBli im- 
plies gas number densities n g ~ (3 — 5) x 10~ 3 cm~ 3 for the 
assumed abundance 30% solar, the source extraction region 
7r R 2 and the third dimension of the emitting volume 2 x R. 
In the limiting case of negligible metallicity, the number den- 
sity of the gas with a temperature kT ~ 5keV needed to 
produce 10 38 erg s _1 of thermal X-rays within a spot volume 



where iZi.g = R/1.5', and 

/tb(T) = 



1 ,n, S) xexp (-^r) 



(4) 
(5) 



with e m i„ = 0.5 keV and e max = lOkeV. This is about two 
orders of magnitude above the number density of the dif- 
fuse thermal gas within the Centaurus A giant lobes, lead- 
ing to a situation where the X-ray emitting clumps are highly 
over-pressured with respect to their surroundings, n g kT ~ 

5 x 10~ n R x y 2 erg cm~ 3 3> (p 9 ). One could speculate, on 
the other hand, that the compact features we observe are rel- 
atively short-lived, and that soon after the onset of a violent 
reconnection event in an isolated region within the lobe, fol- 
lowed by a rapid and efficient turbulent heating of the plasma 
in a confined volume, a newly-formed over-pressured spot 
disappears quickly on a sound-crossing timescale of, roughly, 
t s ~ R/c s < 2i? 15 Myr. This, possibly, would correspond 
to the situation of a rather efficient transfer of the magnetic en- 
ergy to the internal energy of the lobes' thermal plasma during 
the lifetime of the source. 

3.2.2. Inverse-Compton Emission 

One possibility for production of non-thermal X-ray emis- 
sion from the spots is inverse-Compton (IC) up-scattering of 
Cosmic Microwave Background (CMB) photons (the domi- 
nant radiation field at the considered distance from the galac- 
tic host) by ultrarelativistic electrons with Lorentz factors 
7 — -\/ £ x/ e cmb ~ 10 3 , where e x ~ IkeV and the character- 
istic energy of the CMB radiation is e C mb — 1 meV. The in- 
volved electron population could originate, for example, from 
a compression/re-acceleration of cosmic rays filling the giant 
lobes (and producing diffuse non-the rmal emission at radio 
and X-ray freque ncies as modeled in Hard castle et al.|2009 



Abdo et al.|2010) by kpc-scale shocks formed around the re 
connecting radio filaments . 

Let us approximate the energy distribution of such a hy- 
pothetical additional electron population by an arbitrary form 
dN e (j)/dj oc 7~ 3 between, say, 7 min = 10 and j max = 10 3 , 
as very roughly justified by the X-ray photon indices emerg- 
ing from the PL fits to the spectra of the spots (T ~ 2 on av- 
erage, albeit with a large spread). With such an assumption, 
the pressure of the electron population involved in producing 
the observed X-ray emission is 



Pe± 



4o~t In 



u cmh V 



10~ 10 RjI erg cm" 3 



(6) 

where C/ cm b — 4 x 10 13 erg cm 3 is the energy density of 
the CMB photon field, and we put / ^y 2 dN e (j) / J 7 dNjff) ~ 

M7max/7min)/7min- Similarly to what we found in the case 
of a thermal model, this pressure exceeds by orders of mag- 
nitude the total pressure of the ambient plasma (especially 
for R\ .5 < 1), which invalidates the scenario drafted above, 
and hence rules out an IC/CMB origin for the emission of the 
spots detected with Suzaku. The particular assumption regard- 
ing the exact form of the electron energy distribution used in 
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the estimate above is not crucial in this respect, since even in 
the extreme case of a mono-energetic population of radiating 
electrons approximated by the delta function, dN e (7) /dj oc 
S(j — 7 m a X ), the corresponding electron pressure would be 
reduced only by a factor of lr<7 m a X /7mm)/(7ma X /7min) - 
0.04, i.e. would still be very high, ^ (p g )- 

3.2.3. Synchrotron Emission 

The other non-thermal scenario to consider for the dis- 
cussed X-ray features is the synchrotron radiation of very high 
energy ultrarelativistic electrons. We note that synchrotron X- 
ray emission is routinely detected in bl azars of the 'h igh fre- 
quency peaked BL Lac' type (e .g., |Tak ahashi 2001), young 
supernova remnants (Vink 2012), kpc-scale jets in low-power 
radio galaxies (Harris & Krawczynski 2006 ), or pulsar wind 
nebulae (Gaensler & Slane 2006). In all these system an effi- 
cient in situ acceleration of the X-ray-emitting electrons up to 
> TeV energies is required, although the exact energy dissipa- 
tion processes involved, which in general are ill-understood, 
may be substantially different in different classes of objects. 
The particular multiwavelength morphology revealed by our 
maps, with some of the compact X-ray spots coinciding with 
extended and highly polarized radio filaments, prompts us 
to consider in this context the scenario where the magnetic 
energy released at the locations of reconnecting magnetic 
tubes/radio filaments is responsible for the confinement and 
acceleration of relativistic parti cles via a Fermi pro cess within 
distinct emission sites (Drake et al. 2006; Hoshino 2012). 

Let us therefore consider this possibility more quantita- 
tively, in the analogy to the turbulent accel eration scenario 
developed in the context of solar flares (see Petrosian] |2012| 
and references therein). For this we simply assume that within 
the volume, which may be approximated as spherical with ra- 
dius R, small-scale magnetic turbulence is efficiently injected 
around the reconnecting large-scale magnetic field B, so that 
the total turbulent energy is roughly comparable to the mag- 
netic energy, (SB/B) ~ 1. With such strong turbulence 
conditions, the mean free path of ultrarelativistic electron for 
particle-wave interactions is expected to be of the order of the 
electron gyroradius, X e ± ~ r e ± — 7 m e c 2 / eB <C R, and 
the spatial diffusion coefficient is K e ± ~ A e ± c/3. Hence 
the timescale for the particle escape from the acceleration 
site r esc (7) ~ R 2 /k e ±. The spatial diffusion of the elec- 
trons is obviously accompanied by their diffusion in mo- 
mentum space, leading to a net acceleration at the maxi- 
mum allowed rate with the characteristic timescale r acc (7) ~ 
\ e ±c/v 2 c , where v sc is the velocity of the interacting waves 
(Alfven or fast magnetosonic waves in the case of ultra- 
relativistic electrons). The evolving electrons also undergo 
radiative energy losses, dominated in our case by the syn- 
chrotron and IC/CMB processes; the characteristic timescale 
for these can be approximated as r ra( j(7) ~ 3m e c/AaTjUo, 
where Ufa) = U B + U cmh /kn(7). u b = B 2 /8tt, and 
/kn(7) = (1 + 47£ cmb /m e c 2 )~ 3 / 2 stands for the Klein- 
Nishina correction to the IC scattering cross section. The syn- 
chrotron scenario can therefore be considered as a viable op- 
tion if the maximum available ('equilibrium') electron energy 
7eq given by the condition r acc (7 cq ) ~ r rad (7 cq ) < r osc (7 oq ) 
is large enough to produce synchrotron photons with e x = 
3heBj 2 /4irm e c ~ IkeV energies. This is indeed possible 
to achieve for a magnetic field only slightly larger than the 
volume-averaged value, B > 1 /iG ~ B, as in fact wo uld be 
expected for highly polarized filaments ( |Feain et al.|201 1) . 
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Fig. 10. — Acceleration, cooling and escape timescales for ultra- 
relativistic electrons emitting synchrotron X-rays, as functions of 
the magnetic field B within the considered emission site. The 
thick dotted curve denotes the radiative loss timescale, thick solid 
curve corresponds to the acceleration timescale, and the thick dashed 
curve illustrates the escape timescale for an emission region size 
R — 1.6 kpc. We also plot the age of the Centaurus A giant lobes 
(horizontal gray line), the magnetosonic crossing timescale (thin 
dot-dashed curve), and the lower limit for the Coulomb collision 
timescale for the background thermal plasma (thin horizontal line). 



In Figure 10 we plot all the analyzed timescales correspond- 
ing to 7 eq electrons emitting synchrotron e x = 1 keV pho- 
tons as functions of the magnetic field B within the con- 
sidered region of radius R. The thick dotted curve denotes 
the radiative loss timescale. As shown, synchrotron losses 
dominate over the IC/CMB process for B > a few /iG. The 
thick solid curve in the figure corresponds to the accelera- 
tion timescale with the velocities of the turbulent modes set 
to be v sc — \J V \ + c s> where the Alfven velocity va is eval- 
uated for a background gas density n g = 10~ 4 cm~ 3 , while 
the sound velocity c s assumes a background gas temperature 
kT = 0.5 keV. It follows that the Alfvenic acceleration domi- 
nates for B > 1 /iG. The thick dashed curve shows the escape 
timescale of the X-ray-emitting electrons, r csc > 100 Myr for 
R = 1.6 kpc and B > 1 /iG. For comparison, we also plot the 
estimated lifetim^jof the giant halo Tm e ~ 30 Myr (thick 
horizontal gray line), the magnetosonic crossing timescale 
r cross ~ R/v sc with R = 1.6 kpc and v sc as above (thin 
dot-dashed curve), as well as the lower limit ('cold ambi- 
ent plasma' regime; see equation) for the Coulomb collision 
timescale Tcoui — 0.01 Myr of the background thermal gas 
(thin horizontal line); these are all longer than r acc and r ra( j 
for B > a few /iG. Figure 10 indicates therefore that, assum- 



ing strong turbulent conditions, efficient acceleration and con- 
finement of the radiating electrons within compact and sub- 
stantially magnetized emission sites is plausible. 



8 The lifetime estimates oflHardcastle et al.|(2009i are derived on the as- 
sumption of no efficient in situ particle acceleration in the lobe, and so the use 
of this lifetime estimate in this context is not strictly self-consistent; we retain 
it for simplicity, noting that significant particle acceleration would tend to ar- 
tificially reduce lifetimes estimated with spectral ageing methods, and also 
that in the framework of the discussed model very efficient electron acceler- 
ation is restricted only to compact turbulent regions of the lobes, which we 
identify as sites of violent reconnection of large-scale magnetic tubes/radio 
filaments, and is not distributed within the whole volume of the giant halo. 
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Importantly, for the particular conditions of the emis- 
sion site discussed here, namely a very inefficient parti- 
cle escape when compared with the acceleration and ra- 
diative losses timescales (and also the lifetime of the sys- 
tem), as well as the stochastic nature of the acceleration pro- 
cess, the resulting electron population is expected to be of 
a 'modified ultrarelativistic Maxwellian' form dN e (j) /chf oc 
7 2 exp[— i (7/7eq) a ] with the parameter < a < 2 de- 
pending on particul ar cooling and turbulence conditions, as 
discussed in Stawar z~& Petrosian| ( |2008| l, i.e. to be peaked 
(with a broader plateau) around the equilibrium energy 7 eq . 
The high-energy segment of the synchrotron continuum pro- 
duced by such electrons seems to be qualitatively consistent 
with the observed spectr al properties of the analyze d X-ray 
spots (see Figure 12 in Stawarz & Petrosian 2008), while 
at lower (radio-to-optical) frequencies very flat synchrotron 
continua would be expected. For such an electron population, 
/ 7 2 d/V e (7) / J 7 dNdj) ~ 7 cq , and the total pressure of the 
discussed X-ray-emitting electron population is expected to 
be rather tiny, 



Pe± 



m e cL x 



2 x 10~ 16 B J /2 R^ergcmT 



(7) 

where B„q = B/ /nG, so that it starts to exceed the ther- 
mal pressure of the surrounding medium (p g ) or the mag- 
netic pressure Ub within the emission site only for R signif- 
icantly smaller than hundreds of parsecs. This is the advan- 
tage of the synchrotron scenario over the previous two con- 
sidered above. The interesting aspect of the model is the im- 
plied production of very high energy 7-rays (e 7 > lOTeV) 
by the synchrotron X-ray-emitting electrons via the accom- 
panying IC/CMB process; the total diffuse 7-ray flux thus ex- 
pected for the entire giant halo can be evaluated very roughly 
as F 7jtot ~ (U cmh /U B ) x F x , tot 
the spots' magnetic field of the order of a few /iG. 



10 11 erg cm 2 s 1 for 



4. SUMMARY AND CONCLUSIONS 

In this paper we have discussed Suzaku observations of 
selected regions within the Southern giant lobe of the Cen- 
taurus A radio galaxy. In the analysis we have focused first 
on distinct X-ray features detected with the XIS instrument, 
at least some of which are likely associated with fine struc- 
ture of the lobe revealed by the most recent high-quality ra- 
dio intensity and polarization maps. We found that from the 
available photon statistics, the spectral properties of the de- 
tected X-ray features are equally consistent with with thermal 
emission from hot gas with temperatures kT ~ 1 — lOkeV, 
or with power-law radiation continua characterized by pho- 
ton indices T ~ 2.0 ± 0.5. The plasma parameters implied 
by these different models favor a synchrotron origin of the 
analyzed X-ray spots, which indicates that a very efficient 
acceleration of electrons up to > 10 TeV energies is taking 
place within the giant structure of CentaurusA, albeit only 
in isolated and compact regions associated with extended and 
highly polarized radio filaments. We speculate that the mag- 
netic energy released locally at the sites of reconnecting mag- 
netic tubes/radio filaments loads turbulence into the system, 
and that this turbulence is in turn responsible for the confine- 
ment and acceleration of relativistic particles within distinct 
emission sites. Alternatively, if most of the released magnetic 
energy goes into heating of the plasma rather than accelera- 
tion of ultrarelativistic particles, the thermal scenario, involv- 
ing short-lived and highly over-pressured gaseous clumps re- 



mains a valid possibility, suggesting an efficient transfer of the 
magnetic energy to the internal energy of the lobes' thermal 
plasma during the lifetime of the source. 

Large-scale highly polarized radio filaments have been de- 
tected within the lobes of several other f amous ra dio galaxies 
[ Fomalont et al |1989j|Carilli et al HI 99 1 1 |Perley et al.||1997 



wain et al. 1998| |Owen et al.l|2000| l. "Apparently similar 
structures are observed in the Galactic Center region (Lang et 
| al.|1999l[LaRosa et al.|2000"l|Nord et al.|20041|Yusef-Zadeh et 
|al.|2004| i. The origin and the exact structure of such features 
is unclear, but tangl ed magnetic field tub es are often invoked 
in this context (e.g., O'Neill & Jone s|20f0| . The X-ray obser- 
vations reported here constitute an interesting insight into the 
problem, suggesting in particular that, as in fact expected in 
the case of tangled field tubes by analogy with solar phenom- 
ena, localized regions of enhanced turbulence enable efficient 
cosmic ray acceleration and/or plasma heating form a set of 
transient 'hot spots' in compact sites where separate filaments 
interact with each other or with over-densities in the ambient 
plasma so that magnetic reconnection takes place. 

While we have emphasized the possibility of reconnection 
acting as a source of the turbulence, there are other processes 
that could account for such a localized enhancement. If the 
CentaurusA giant halo is indeed a source of very-high to 
ultra-hi gh energy cosmic rays, as has been discussed in the lit- 
erature (Hardca stle et al.||2009l |Q'Sullivan et al.|2009| iPFerl 
|& Loeb||2012| > prompted by the results of the P. Auger Ob- 
servatory (e.g. jM oskalen ko et al.|2 009 ; Ne mmen et al.|2010] 
|Yiiksel et al.|2012^ , the flux of these particles through such re- 
gions can in principle produce un-compensated currents, am- 
plifying small-scale magnetic fields and turbulent motions, in 
a process analogous to that frequently considered in the con- 
text of supernova remnants ( |Bell|2004) . 

We have also presented a detailed analysis of the diffuse 
emission component filling the whole FOV of the XIS instru- 
ment, which remains after removing all the compact X-ray 
features. We found that at the position of the CentaurusA 
giant lobes probed with Suzaku a relatively prominent soft X- 
ray excess, best described as thermal emission from hot gas 
with the temperature of kT ~ 0.5keV, seems to be present. 
This excess, if related to the Centaurus A system rather than 
some large-scale fluctuation in the foreground Galactic Halo 
emission, may be either due to thermal matter mixed with the 
non-thermal plasma of the giant lobes, or due to a condensa- 
tion of the hot intergalactic medium around the edges of the 
expanding radio structure. The former possibility would in- 
terestingly imply a number density of the X-ray emitting gas 
of roughly n g ~ 10~ 4 cm~ 3 , as well as almost exact pres- 
sure balance between the lobes thermal and non-thermal con- 
tents (again in analogy with the interstellar medium within 
the Galactic disk). These conclusions, which are still tentative 
and somewhat preliminary, are in agreement with t he most re- 
cent an alysis of the radio data presented by |Q' Sullivan et al.| 
( 2012 1. It is important to emphasize that our finding regarding 
the plasma (5 parameter being of the order of unity in the giant 
lobes of Centaurus A may be crucial for understanding the dy- 
namics and evolution of the reconne cting magnetic field in the 
system. Gourgouliatos & Lyutikov (2012) argued for exam- 
ple that the evolution of the expanding lobes containing some 
thermal plasma and some magnetic flux will always be ac- 
companied by a decrease in the /3 parameter, leading at some 
point to the spontaneous formation of electric current sheets 
and large-scale reconnection layers which are likely involved 
in acceleration of the highest energy cosmic rays. 
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Regardless of the exact processes involved in the formation 
of the observed X-ray sub-structure of the lobes, however, or 
of the origin of the soft diffuse excess emission, the total X- 
ray emission of the whole giant halo in Centaurus A appears 
to be a complex mixture of diffuse and compact thermal and 
non-thermal components. Only with the broad energy cover- 
age and the suitable combination of the sensitivity and resolu- 
tion of Suzaku has it been possible to disentangle these com- 
ponents; otherwise they would form a single emission contin- 
uum. If our preliminary conclusion that these various emis- 
sion components are indeed related to the Centaurus A system 
is correct, there are important implications for understanding 
the physics of radio-loud AGN: the structure of the extended 
lobes in such systems may be highly inhomogeneous and non- 
uniform, with magnetic reconnection and turbulent acceler- 
ation processes continuously converting magnetic energy to 
the internal energy of the plasma particles, leading to possi- 
bly significant spatial and temporal variations in the plasma j3 
parameter and pressure equilibrium conditions. Forthcoming 
Suzaku pointings and the follow-up Chandra observations of 
the Centaurus A giant lobes will shortly allow us to test the 
above conclusions. 

Finally, we note that a possibly significant contribution 
from compact features and thermal plasma to the total ob- 
served X-ray flux of the extended lobes means that with- 
out detailed good-quality X-ray maps enabling the various 



emission components to be disentangled, the ratio of total X- 
ray and radio fluxes, typically used to infer volume-averaged 
magnetic field intensity (under the working assumption that 
the inverse-Compton scattering of CMB photons by radio- 
emitting electrons uniformly filling the lobe provides the 
dominant contribution to the measured X-ray flux), sho uld be 
used with some caution (see the related discussion in |Hard-| 
castle et al.|2007| l. In particular, departures from the energy 
equipartition often cla imed because of apparently high val- 
ue s of this ratio (e.g., |Kataoka & Stawarz 2005 ; |Croston et| 
|aL"1|2005| |Isobe et al.||2011| and references therein), may be 
partly invalidated, and the lobes instead, of being dominated 
by the relativistic particle pressure, may well be on average 
very close to energy equipartition, (p g ) ~ (p e ±) ~ (Ub), as 
proposed in this paper for the Centaurus A giant lobes. 
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APPENDIX 



As a cross-check of the modeling of the diffuse emission component in all four analyzed Suzaku pointings (see §2.4i 



we fit the diffuse spectra obtained after removing all the point sources present in the FOVs with the same model 
wabs* (APEC_1+APEC_2+PL) including absorbed thermal component (APEC_1) representing Galactic Halo (GH) emission, 
absorbed power-law component corresponding to the Cosmic X-ray Background (CXB) radiation, and an additional absorbed 
thermal component (APEC_2) describing any residual thermal emission related to the Centaurus A system. 

We utilized the data in the 0.5 — 7keV photon energy range for XIS1 and 0.6 — 7keV range for XIS0/3, and applied C- 
statistics (preferred over the x 2 -statistics in the case of limited counts) in the simultaneous spectral fitting. The neutral hydrogen 
column density was fixed as before at the Galactic value in the direction of the source, Nn Gal = 0.7 x 10 21 cm~ 2 . For the GH 
component, we fixed the abundance at the solar value, and required the temperature and the normalization to be the same in all 
four spectra. The photon index for the CXB component was fixed as Tcxb = 1-41 as before, but the CXB normalization was 
allowed to vary between "Lobe 1&2" and "Lobe 3&4" spectra. This choice was dictated by the rather different net exposures of 
the "on" and "off" pointings, and the consequently different flux levels of the point sources removed, which in particular affects 
the high-energy segment of the spectra. Finally, the metallicity of the extra thermal component was fixed at a value of 0.3 solar, 
but its temperature and normalization was allowed to vary between all pointings. The results of the fitting are summarized in 
Table|7] As shown, an excess ~ 0.6 keV emission at the position of the lobes is recovered just as before, with the normalization 
of the APEC_2 component in the "on" pointings being about twice higher than in the "off" pointings (cf. Table[5]). 



TABLE 7 

Alternative Modeling Results for the Diffuse Emission 



region 
(1) 


(2) 


kT GH 
(3) 


NorniQH 

(4) 


Zext/ZQ 

(5) 


(6) 


Norm ex t 
(7) 


TCXB 

(8) 


Norm C xB 
(9) 


Lobe 1 ("on") 
Lobe 2 ("on") 
Lobe 3 ("off") 
Lobe 4 ("off") 


1.0* 


16+ 001 

u ' ±D -0.02 


7.34l?;« 


0.3 f 


0.59 ±0.02 
0.73 ± 0.02 
0.71 ± 0.11 
1.59 ±0.36 


3.60 ±0.17 
3.15 ±0.15 
1.43 ±0.27 
1.31 ±0.30 




1.04 ±0.02 
1 30+ 04 



(1) Region fitted; (2) fixed ("/") abundance of the GH component (3) temperature of the GH component in the keV units; (4) APEC normalization of the GH 
component xl0 — 3 ; (5) fixed ("/") abundance of the extra thermal component (6) temperature of the extra thermal component in the keV units; (7) APEC 
normalization of the extra thermal component X 10 -3 ; (6) fixed ("/") photon index of the CXB component; (9) normalization of the CXB component X 10 — 3 . 
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